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Hierarchical  nanostructures  of  hydrated  a-manganese  dioxide  (Mn02)  are  prepared  and  their  kinetics 
properties  are  characterized  using  scanning  electrochemical  microscopy  (SECM).  The  SECM  measure¬ 
ments  are  focused  on  the  feedback  mode  approach  curve  to  extract  the  effective  heterogeneous  charge 
transfer  rate  constant  and  illustration  of  the  ultramicroelectrode  (UME)  tip-substrate  cyclic  voltammetry. 
Positive  feedback  current  is  observed  during  the  SECM  approach  curve,  indicating  the  efficient  charge 
transfer  process  into  the  MnC>2  electrode.  These  studies  complement  electrochemical  impedance  spec¬ 
troscopy  and  charge  discharge  measurements  that  are  carried  out  to  determine  the  effectiveness  of 
the  resultant  MnC^  for  supercapacitor  application.  Specific  capacitance  as  high  as  356  Fg-1  at  2Ag_1 
is  achieved  and  there  is  no  degradation  of  the  capacitance  after  2000  cycles  of  cycling  test,  indicating  its 
good  capacitive  properties  for  supercapacitor  application. 

©  2012  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

Electrochemical  characterizations  for  energy  storage  materials 
are  mostly  done  on  macroscopic  or  device  level,  which  provide 
the  average  measurement  across  the  area  of  the  electrode.  How¬ 
ever,  in  many  cases,  thickness  and  chemical  composition  of  the 
electrodes  may  not  be  uniform  throughout  the  electrode  surface; 
or  it  may  contain  microscopic  features  of  interest,  in  particular, 
for  nanostructured  electrodes.  In  addition,  some  localized  surface 
modifications  affect  the  overall  charge  transfer  process.  In  order 
to  address  the  heterogeneity  of  the  electrode  materials,  in  depth 
examination  on  the  microscopic  or  nanoscopic  level  is  required, 
such  as  the  detail  of  the  charge  transport  processes  and  interfa¬ 
cial  reactions  [1,2].  This  would  allow  correlating  the  structural  and 
electrochemical  properties,  providing  the  clue  in  optimizing  the 
morphology  and  understanding  the  possible  failure  mechanism  of 
the  electrodes  materials. 

Scanning  electrochemical  microscopy  (SECM)  provides  insight¬ 
ful  electrochemical  characterization  on  localized  and  spatially 
resolved  sub-micrometer  scale  investigation  of  a  wide  range  of 
materials  and  interfaces  [3-6].  The  micrometer  to  nanometer  size 
of  a  disk  shaped  ultramicroelectrode  (UME),  often  called  “tip”, 
enables  the  measurement  of  fast  interfacial  processes  within  the 
small  UME/sample  gap  with  precise  measurement  and  high  spatial 
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resolution.  The  measured  faradaic  current  that  flows  through  the 
UME  in  liquid  medium  is  used  to  characterize  the  kinetics  of  the 
electrochemical  process  of  the  sample.  In  the  feedback  mode,  one 
form  of  a  quasi-reversible  redox  couple  is  added  as  mediator  to 
the  working  solution.  This  compound  is  electrolyzed  at  the  UME. 
The  magnitude  of  the  UME  current  depends  on  the  electron  trans¬ 
fer  kinetics  for  the  mediator  regeneration  at  the  sample  surface, 
which  is  related  to  the  conductivity  and  electron  transfer  kinet¬ 
ics  of  the  sample,  as  well  as  to  the  mass  transfer  processes  in  the 
solution  [7,8].  Feedback  mode  measurements  are  useful  to  investi¬ 
gate  the  heterogeneous  electron  transfer  kinetics  process,  including 
the  quantification  of  the  effective  charge  transfer  rate  constant  and 
redox  behavior  of  the  sample  [9].  These  have  been  used  earlier  to 
characterize  electron  transfer  processes  at  laterally  structured  sam¬ 
ples  ITO  [4]  and  to  study  insertion  and  ejection  processes  of  cations 
or  anions  into  films  of  W03  [10],  networks  of  carbon  nanotubes 
[11],  and  polypyrrole  layers  [3].  The  UME  cyclic  voltammetry  is 
also  useful  for  investigating  the  localized  steady  state  voltammet- 
ric  response  of  the  sample,  providing  insights  on  the  microscopic 
ion  transport  process  as  well  as  surface  reactivity  of  the  sample 
[12-14]. 

Charge  transfer  kinetics  process  is  particularly  important  for 
electrochemical  systems  such  as  fuel  cell,  batteries,  solar  cell,  chem¬ 
ical  sensor,  supercapacitor,  etc.  Investigation  of  the  charge  transfer 
across  the  interfaces  by  using  SECM  technique  has  been  introduced 
into  various  applications.  SECM  has  been  used  to  study  the  charge 
transfer  kinetics  between  the  photo-oxidized  dye  molecules  and 
iodide  ion  in  dye-sentitized  solar  cell  (DSSC)  [15,16].  It  is  also 
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applicable  to  investigate  the  kinetics  process  during  the  hydro¬ 
gen  evolution  reaction  which  is  the  basic  process  for  hydrogen 
generation  on  the  electrocatalytic  electrodes  in  fuel  cell  [6,17]. 
Furthermore,  SECM  has  been  utilized  to  characterize  the  charge 
transfer  properties  at  the  interface  of  electrode  and  new  type  of 
electrolyte  such  as  room  temperature  ionic  liquid  (RTIL)  [5,18]. 

Manganese  dioxide  (Mn02)  is  one  of  the  pseudocapacitive  elec¬ 
trode  materials  that  has  a  wide  range  of  crystallographic  structures 
and  several  oxidation  states.  Electrochemical  properties  of  Mn02 
have  been  subjected  to  extensive  studies  due  to  its  potential  appli¬ 
cation  for  electrochemical  energy  storage  devices,  such  as  batteries 
and  supercapacitors  [19-21].  The  pioneering  work  of  Mn02  as 
supercapacitor  electrode  was  introduced  by  Lee  and  Goodenough 
[22,23  ].  Despite  substantial  studies  on  the  effect  of  the  morphology, 
crystallography,  surface  area  and  pore  structure  on  the  capacitive 
properties  of  Mn02,  less  attention  has  been  paid  to  the  kinetics 
and  charge  transfer  capabilities  of  the  Mn02  nanostructures.  The 
kinetics  of  this  material  is  clearly  important  for  its  role  in  energy 
storage  and  conversion.  For  example,  electrolyte  cations  diffusion 
in  the  Mn02  bulk  structures  has  been  shown  to  affect  the  optimum 
thickness  of  the  electrode  as  well  as  specific  capacitance  of  the 
Mn02  [24].  Besides  cations  diffusion,  electron  conductivity  plays 
an  important  role  in  optimizing  the  electrochemical  reactivity  and 
specific  capacitance  of  Mn02.  Variation  in  the  microstructures  of 
Mn02  has  been  reported  to  affect  its  electron  conductivity  and 
cations  mobility  [25]. 

In  our  previous  work,  we  have  synthesized  hydrated  a  ultrathin 
Mn02  nanostructures  at  room  temperature  and  the  morphological 
transformation  into  well-dispersed  nanorods  upon  hydrothermal 
treatment  [26].  In  this  work,  we  modify  the  synthesis  method 
of  ultrathin  nanostructure  using  block  copolymer  template  to 
increase  the  accessible  surface  area  of  the  Mn02  and  measure  the 
charge  transfer  kinetics  using  SECM.  To  the  best  of  our  knowledge, 
this  is  a  first  attempt  in  employing  SECM  to  monitor  redox  probes 
on  the  high  surface  area  nanostructured  supercapacitor  electrode. 
This  provides  insights  on  the  facile  charge  transfer  between  the 
solution  redox  couples  and  the  pseudocapacitive  Mn02  ultrathin 
nanostructures. 


2.  Experimental 

2.1.  Chemicals 

P123  (HO(CH2CH20)20(CH2CH(CH3)0)7o(CH2CH20)2oH), 

KMn04,  poly(vinylidene  fluoride)  (PVDF),  N-methylpyrrolidinone 
(NMP),  carbon  black,  Na2S04,  K3[Fe(CN)6],  KN03  were  purchased 
from  Sigma-Aldrich.  Mn(N03)2  was  purchased  from  Alfa  Aesar. 
All  of  them  were  used  as  received.  All  aqueous  solutions  were 
prepared  from  deionized  water  (Milli-Q,  Millipore  Corp). 


2.2.  Mn02  synthesis  and  electrode  preparation 

P123  (13.8  mmol)  was  dissolved  in  ethanol  (10  mL).  Mn(N03)2 
(13.8  mL,  0.1  M)  and  KMn04  (20  mL,  0.1  M)  were  added  into  the 
solution  and  stirred  for  6  h  at  room  temperature.  The  precipitates 
were  centrifuged  and  washed  with  deionized  water  for  several 
times  and  dried  at  65  °C.  Working  electrodes  were  prepared  by 
mixing  the  as-synthesized  powder  (85  wt%),  carbon  black  ( 1 0  wt%), 
and  PVDF  (5  wt%).  A  few  drops  of  NMP  were  added  to  form  slurry.  It 
was  then  coated  on  the  carbon  paper  as  current  collector  and  dried 
under  vacuum  at  65  °C  for  4  h.  Typical  thickness  of  the  active  mate¬ 
rials  of  each  sample  was  controlled  within  18  ±  2  p,m.  The  typical 
mass  of  each  Mn02  sample  is  about  0.3  ±  0.02  mg  cm-2. 


2.3.  Materials  characterization  and  electrochemical  testing 

Morphologies  of  Mn02  powders  were  investigated  using  scan¬ 
ning  electron  microscopy  (SEM,  JEOL-7600F)  and  transmission 
electron  microscopy  (TEM,  JEOL  2010).  Crystal  structures  of  the 
Mn02  powders  were  studied  by  X-ray  diffractometer  (Bruker 
D8  Advance).  The  specific  surface  area  was  measured  using  BET 
method  based  on  physical  absorption  of  nitrogen  on  automatic  vol¬ 
umetric  physisorption  analyzer  (ASAP  2020  Micrometries).  SECM 
measurements  were  performed  on  a  home-built  instrument  [16]. 
The  Teflon  cell  was  equipped  with  a  Pt  (Goodfellow,  Bad  Nauheim, 
Germany)  as  counter  electrode  and  an  Ag  (Goodfellow)  as  quasi¬ 
reference  electrode  (Ag  QRE),  Mn02  substrate  and  UME  were 
connected  as  working  electrodes.  The  UME  was  fabricated  by  seal¬ 
ing  Pt  wires  (25  p,m  diameter,  Goodfellow,  Bad  Nauheim,  Germany) 
into  borosilicate  glass  capillaries  (Hilgenberg  GmbH,  Malsfeld, 
Germany),  followed  by  grinding  the  probe  end.  The  UME  tip 
has  radius  of  6.28  p,m  with  RG  of  14.95  ( RG  is  the  ratio  of  the 
glass  sheath  and  the  radius  of  the  active  UME  tip).  The  medi¬ 
ator  selected  for  this  measurement  was  ImM  K3[Fe(CN)6]  in 
0.1  M  KN03  supporting  electrolyte.  All  the  approach  curves  were 
performed  at  approach  rate  of  2  pum  s-1 .  The  UME  tip-substrate 
voltammetry  was  recorded  with  a  CHI  7001 B  (CH  Instruments, 
Austin,  TX,  USA)  in  a  four  electrode  setup  utilizing  the  afore¬ 
mentioned  electrochemical  setup.  SECM  feedback  mode  approach 
curves  were  acquired  through  SECMx  software  and  the  normal¬ 
ized  approach  curves  were  fitted  to  digital  simulation  of  finite 
kinetics  developed  by  Cornut  and  Lefrou  [27]  to  extract  the  nor¬ 
malized  heterogeneous  first  order  rate  constant  k  (/c  =  /<eff  rT/D), 
where  /<eff  is  the  effective  heterogeneous  first  order  rate  con¬ 
stant,  D  is  the  diffusion  coefficient  of  the  redox  active  mediator 
(i.e.  [Fe(CN)6]3-).  Electrochemical  studies  were  also  carried  out 
by  using  Solartron,  S1470E  electrochemical  interface.  Three  elec¬ 
trodes  set  up  in  1  M  Na2S04  electrolyte  were  used,  with  platinum 
sheet  and  saturated  Ag/AgCl  as  counter  and  reference  electrode, 
respectively.  Electrochemical  impedance  spectroscopy  measure¬ 
ments  were  conducted  at  constant  voltage  mode  (0.2  V  vs.  Ag/AgCl) 
by  sweeping  the  frequency  from  55  kHz  to  10  mHz  at  an  amplitude 
of  5  mV. 


3.  Results  and  discussion 

3.1.  Characterization  of  MnO 2 

The  synthesized  Mn02  powders  have  nanosphere-like  morphol¬ 
ogy  such  as  shown  in  Fig.  la-c.  At  higher  magnification,  obvious 
asperities  are  visible  on  the  surface  of  the  spheres  which  consist 
of  hierarchically  assembled  small  ultrathin  nanostructures.  TEM 
observation  confirms  the  presence  of  these  ultrathin  nanostruc¬ 
tures  with  fine  nanorod-like  structures  in  diameter  of  2-4  nm. 
The  ultrathin  nanostructures  formation  can  be  understood  from 
the  following  growth  mechanism.  Micelles  of  PI  23  are  formed 
when  dissolved  in  ethanol.  In  the  presence  of  Mn(N03)2  precur¬ 
sor,  Mn2+-P123  complex  will  be  formed  [28].  Mn2+  would  cover 
the  micelle  surface  and  penetrate  into  the  PEO  tails  such  as  shown 
in  Fig.  Id.  Addition  of  KMn04  and  assistance  of  N03_  as  oxidizing 
agent  oxidized  the  Mn2+  which  subsequently  promoted  the  nucle- 
ation  of  ultrathin  nanostructure  [26].  Highly  porous  structures 
were  produced  upon  removal  of  PI 23.  Due  to  the  interaction  of 
Mn2+-Pl  23  in  the  micelle  form,  the  nucleation  and  growth  of  ultra¬ 
thin  nanostructures  would  occur  only  on  the  micelles.  The  small 
micelles  lead  to  the  formation  of  nanospheres  within  lOOnm  in 
diameter.  Nucleation  of  Mn2+  ions  on  the  micelles  occurred  instan¬ 
taneously,  enabling  the  isolated  growth  of  nanospheres  consisting 
of  2-4  nm  fine  nanorods.  In  the  absence  of  PI  23  micelle,  Mn2+  ions 
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Fig.  1.  (a-c)  SEM  and  TEM  images  of  Mn02  sample  indicate  the  presence  of  ultrathin  nanostructures,  (d)  Schematic  of  synthesis  of  ultrathin  hydrated  a-Mn02  nanostructure 
from  PI  23  micelle  template. 


2  theta  \  degree 

Fig.  2.  XRD  pattern  of  the  as  synthesized  Mn02  powder. 


coalescence  due  to  the  lack  of  nucleation  template,  resulting  in 
non-uniform  and  larger  sphere  size  with  less  porous  structure.  The 
porous  and  small  spheres  of  ultrathin  nanorods  are  beneficial  for 
the  charge  storage  process  as  this  will  result  in  shorter  ionic  diffu¬ 
sion  length  which  enables  the  device  to  achieve  fast  charge  transfer 
rates. 

The  XRD  pattern  (Fig.  2)  of  the  Mn02  powders  after  removal  of 
PI 23  template  can  be  indexed  as  tetragonal  a  Mn02-3H20  (JCPDS 
44-0140)  [26].  The  presence  of  hydrates  is  confirmed  by  the  ther- 
mogravimetric  analysis  (TGA)  which  shows  significant  weight  loss 
upon  heating  (Supplementary  Materials  Fig.  IS).  Due  to  different 
arrangement  of  Mn06  octahedra,  Mn02  can  occur  in  several  crys¬ 
tallographic  forms.  Among  them,  the  a  phase  has  been  one  of  the 
preferred  choices  due  to  its  large  tunnel  size  (4.6  A  x  4.6  A)  which 
can  accommodate  more  cations  during  the  charge  and  discharge 
process  as  compared  to  alternative  crystal  structures,  thus  leading 
to  high  specific  capacitance  [21]. 


3.2.  SECM  study  of  Mn02 

In  order  to  study  the  charge  transfer  in  the  Mn02  electrodes, 
UME  and  substrate  cyclic  voltammetry  (CV)  have  been  carried  out 
by  using  SECM.  In  the  UME  CV,  the  UME  potential  ET  is  scanned 
within  certain  potential  range  and  the  current  detected  iT  at  the 
UME  is  recorded.  In  this  mode,  the  substrate  or  sample  can  be  held 
at  a  certain  potential  Es  and  the  distance  d  between  UME  and  sub¬ 
strate  can  be  varied  as  well.  On  the  other  hand,  the  SECM  substrate 
voltammetry  is  similar  to  normal  cyclic  voltammetry  measurement 
with  the  exception  of  the  SECM  ability  to  perform  the  localized 
measurement  of  products  released  or  formed  at  the  sample.  In  this 
mode,  the  Es  is  scanned  within  a  certain  potential  range,  the  UME 
is  held  at  a  constant  potential  Ej,  while  the  currents  detected  at 
the  substrate  (is)  and/or  UME  (iT)  are  recorded.  Both  techniques  are 
particularly  useful  for  identification  of  ion  insertion  or  studying  the 
kinetic  barrier  properties  of  surface  modified  electrode  [9,29,30]. 

Fig.  3a  shows  the  UME  CV  of  the  1  mM  [Fe(CN6)]3_  solution 
containing  0.1  M  KNO3  when  the  UME  is  far  away  from  the  Mn02 
substrate.  It  shows  the  known  sigmoidal  response  for  the  uncom¬ 
plicated  reduction  of  [Fe(CN6)]3_  in  the  solution  at  potential  less 
than  0.2  V  vs.  AgQRE.  The  UME  CV  scan  was  also  performed  in  the 
proximity  of  the  Mn02  substrate  at  different  d  while  keeping  the 
substrate  potential  Es  at  -0.7  V  (Fig.  3b).  When  the  ET  is  negative,  no 
current  can  be  detected  by  the  UME  because  the  Mn02  substrate 
competes  with  the  UME  for  [Fe(CN6)]3_,  as  the  potential  at  both 
UME  and  sample  favors  the  reduction  of  [Fe(CN)6]3_.  On  the  other 
hand,  when  Ej  is  swept  to  the  positive  range  while  the  Mn02  sub¬ 
strate  is  held  at  -0.7  V,  the  current  was  observed  at  the  UME  due  to 
the  oxidation  of  [Fe(CN)6]4-.  The  anodic  UME  current  is  observed 
to  be  higher  when  d  is  larger  which  is  due  to  the  reduced  hindered 
diffusion  process.  When  the  substrate  is  held  at  -0.7  V,  [Fe(CN)6 ]4_ 
ions  will  be  generated  in  abundance  and  a  macroscopic  diffusion 
layer  will  develop  at  the  slow  scan  rates  employed.  The  oxidation  of 
the  sample-generated  [Fe(CN)6]4-  at  the  UME  is  then  only  slightly 
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Fig.  3.  (a)  Sigmodial  response  of  the  UME  1  mM  [Fe(CN6)]3~  +0.1  M  KN03  solution; 
(b)  UME  CV  for  Mn02-coated  graphite  substrate  with  Es  =  -0.7  V  at  different  d.  (1) 
50|jim;  (2)  10(jim;  (3)  5  p,m;  (4)  1  pirn;  v  =  5mVs-1.  Inset  shows  the  schematic  of 
redox  reaction  of  the  mediator  when  UME  positioned  near  to  the  Mn02  substrate. 


influenced  by  d.  Larger  d  allow  lateral  diffusion  of  [Fe(CN)6]4_  to 
contribute  slightly  to  iT.  It  is  noteworthy  that  at  a  larger  d ,  ij  shows 
increasing  separation  between  the  two  half  cycles.  This  is  related 
to  the  increasing  time  required  for  the  [Fe(CN)6]4_  to  diffuse  from 
the  sample  to  the  UME  [7]. 

The  substrate  CV  are  shown  in  Fig.  4a  shows  the  substrate  CV 
at  20mVs-1  obtained  on  the  bare  carbon  paper  and  after  coat¬ 
ing  a  layer  of  Mn02.  The  UME  was  positioned  far  away  from  the 
Mn02  or  carbon  substrate  so  that  it  did  not  influence  the  response. 
[Fe(CN)6]3-  is  reduced  as  expected  in  a  one  electron  process  as 
indicated  by  the  presence  of  redox  waves  in  both  substrate  CVs. 
The  oxidation  wave  was  observed  around  0.24  V  and  the  reduction 
wave  was  observed  at  0  V.  The  overall  higher  currents  in  the  CV  of 
the  Mn02-coated  sample  indicate  the  better  capacitive  behavior  in 
the  Mn02  as  compared  to  carbon  substrate. 

In  order  to  monitor  the  reaction  of  redox  active 
[Fe(CN)6]3-/[Fe(CN)6]4-  ions,  the  UME  is  positioned  close  to 
the  Mn02 -coated  carbon  substrate  and  held  at  FT  =  +0.6V  and 
Ft  =  -0.7  V  (Fig.  4b).  UME  will  detect  [Fe(CN)6]4-  when  FT  =  +0.6V 
and  [Fe(CN)e]3-  when  Et  =  -0.7V.  When  Es  =  +0.6V,  iT  is  zero  at 
positive  substrate  potentials  as  there  is  no  reduction  of  [Fe(CN)6]3_ 
at  the  substrate,  thus  no  [Fe(CN)6]4-  is  formed.  Flowever,  when 
the  substrate  is  swept  to  negative  potentials,  a  rise  in  iT  is  observed 
due  to  the  reduction  of  [Fe(CN)6]3-  to  [Fe(CN)6]4-  at  the  Mn02 
surface.  On  the  other  hand,  when  FT  =  -0.7V,  no  UME  current  is 
observed  at  negative  Es  due  to  the  competition  of  UME  and  Mn02 
substrate  for  reduction  of  [Fe(CN)6]3_.  Flowever,  when  the  Es  is 


Fig.  4.  (a)  Cyclic  voltammogram  for:  (1)  bare  carbon,  (2)  Mn02-coated  carbon  in 
1  mM  [Fe(CN6)]3_  +0.1  M  KNO3  solution.  For  comparison  the  CV  of  Mn02-coated 
carbon  in  0.1  M  KNO3  solution  is  shown  in  curve  3;  t/  =  20mVs-1;  (b)  UME  currents 
during  a  substrate  CV  with  Es  between  -1  and  +1 V  CV  and  ET  =  +0.6  V  (curve  1 )  and 
Et  = -0.7  V  (curve  2). 

swept  to  positive  values  the  [Fe(CN)6]3_  added  to  the  solution  bulk 
is  stable  at  the  sample  and  [Fe(CN)6]4-  formed  during  the  cathodic 
potential  excursion  is  re-oxidized.  The  observed  UME  current  is 
caused  in  this  situation  by  the  reduction  of  [Fe(CN)6]3-  at  the 
UME.  This  shows  that  the  Mn02 -coated  carbon  electrodes  can  still 
support  electron  transfer  reaction  to  dissolved  redox  couples  such 
as  [Fe(CN)6]3-/[Fe(CN)6]4-. 

Approach  curves  in  the  SECM  feedback  mode  are  used  to  study 
the  kinetics  of  the  charge  transfer  process  of  the  Mn02 -coated  car¬ 
bon  substrate  electrodes  (Fig.  5).  The  results  are  given  in  normalized 
coordinates  Ij  vs.  L.  Ij  is  the  normalized  ij  by  the  steady  state 
diffusion-controlled  UME  current  ijt0Q  in  the  bulk  solution,  while  L  is 
the  normalized  d  by  the  UME  radius  rT.  When  the  UME  (ET  =  -0.5  V) 
approached  the  Mn02  substrate  at  open  circuit  potential  (OCP),  an 
enhanced  steady  state  current  (positive  feedback)  was  observed. 
The  current-distance  curve  can  be  fitted  well  to  the  analytical 
approximation  by  Cornut  and  Lefrou  for  finite  sample  kinetics  by 
changing  the  normalized  heterogeneous  rate  constant  k  [27].  The 
effective  heterogeneous  rate  constant  is  calculated  according  to 
the  following  equation  keff  =  /cD/rT.  Taking  the  diffusion  coefficient 
D  =  7  x  10-5  cm2  s-1  and  rT  =  6.28  |jim,  the  keff  values  are  found  as 
1.2  x  10-2  cms-1  for  the  bare  carbon  substrate,  8.3  x  10-3  cms-1 
for  the  Mn02-coated  substrate  at  OCP,  3.0  x  10-3cms-1  for  the 
Mn02  substrate  biased  at  0  V  and  8.9  x  10-4cms-1  for  the  Mn02 
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Fig.  5.  SECM  approach  at  £T  =  -0.5V  in  1  mM  K3[Fe(CN)6] +  0.1  M  KN03  towards 
(1)  bare  carbon  substrate  at  open  circuit  potential  (OCP),  (2)  Mn02-coated  carbon 
substrate  at  OCP,  (3)  Mn02-coated  carbon  substrate  at  £s  =  0  and  (4)  Mn02-coated 
carbon  substrate  at  Es  -0.24  V.  Experimental  data  are  given  as  open  symbols,  fits 
to  the  theory  [26]  are  shown  as  the  solid  lines.  The  theory  for  pure  hindered  dif¬ 
fusion  (curve  5)  and  diffusion  controlled  mediator  recycling  (curve  6)  are  given  for 
comparison. 

substrate  biased  at  -0.24  V.  These  values  are  higher  as  compared 
to  the  heterogeneous  rate  constant  of  the  glassy  carbon  electrode 
modified  nitrobenzenediazonium  salt  [31]  and  comparable  to  the 
boron  doped  diamond  and  indium  tin  oxide  (ITO)  electrodes  [4]. 
In  addition,  these  data  are  also  in  the  range  of  the  macroscopic 
reaction  rate  constants  measured  using  conventional  cyclic  voltam¬ 
metry  in  similar  electrolyte  on  the  monolayer  graphene  surface  [32  ] 
and  Ti02/carbon  core  shell  nanofibers  [33],  indicating  the  effec¬ 
tiveness  of  Mn02  as  the  electrode  material  for  the  electrochemical 
based  devices. 

The  rate  constant  is  the  highest  on  the  bare  carbon  substrate 
because  carbon  is  a  better  electron  conductor  than  Mn02.  At  OCP 
(i.e.  0.05  V  vs.  AgQRE)  an  electron  is  transferred  from  [Fe(CN)6]4_ 
to  the  Mn02  (Eq.  (1 )).  Once  the  charge  transfer  occurs,  there  can  be 
lateral  diffusion  of  charges  due  to  surface  conductivity  of  Mn02.  The 
nanostructure  of  Mn02  helps  to  facilitate  the  charge  transfer  pro¬ 
cess  at  the  interfaces  as  it  provides  large  surface  area  and  porosity 
for  effective  contact  between  the  electrolyte  and  Mn02. 

[Fe(CN)6]4-^  [Fe(CN)6]3-+e-  (1) 

Alternatively,  when  Mn02  substrate  is  held  at  0  V,  Mn02  itself 
consumes  the  [Fe(CN)6]3_  ions  in  the  electrolyte  solution  as  the 
reduction  of  [Fe(CN)6 ]3-  to  [Fe(CN)6 ]4-  happens  at  potential  <0.2  V 
vs.  AgQRE.  This  results  in  reduced  diffusion  of  [Fe(CN)6]3-  to  UME, 
resulting  in  the  low  UME  current.  Further  shifting  the  potential  of 
the  Mn02  substrate  towards  the  negative  side  (i.e.  -0.24  V),  results 
in  more  consumption  of  [Fe(CN)6 ]3-  ions  in  the  solution.  This  leads 
to  lower  UME  current  and  therefore  lower  effective  rate  constant 
are  observed  in  Mn02  held  at  -0.24  V  as  compared  to  the  Mn02 
held  at  0  V  as  well  as  the  one  without  externally  applied  potential. 

As  the  thickness  of  the  Mn02  coating  is  about  18  pan,  the  extent 
of  positive  feedback  that  occurs  on  the  Mn02 -coated  carbon  sub¬ 
strate  at  the  open  circuit  potential  is  solely  based  on  the  electron 
transfer  kinetics  at  the  interface  of  electrolyte/Mn02  and  the  con¬ 
tribution  from  the  direct  reduction  of  [Fe(CN)6]3-  at  the  carbon 
substrate  was  negligible.  Thus,  the  presence  of  positive  feedback 
current  must  be  due  to  the  favorable  charge  transfer  process  into 
the  Mn02  electrode.  This  is  attributed  to  the  desired  physical 
properties  of  Mn02  electrode.  The  presence  of  porous  ultrathin 
nanostructures  provides  direct  and  large  accessible  surface  area  for 
the  charge  transfer  process  to  take  place.  The  morphology  of  the 
electrode  has  been  reported  to  be  an  important  factor  in  determin¬ 
ing  the  kinetic  process  and  electrochemical  activity  of  the  electrode 


[33  ].  The  facile  charge  transfer  process  of  this  material  fits  one  of  the 
key  requirements  essential  for  supercapacitor  device.  Therefore, 
pseudocapacitive  properties  of  the  Mn02  are  further  examined  by 
the  conventional  three  electrode  test  to  assess  its  capability  as 
supercapacitor  electrode. 

3.3.  Pseudocapacitive  performance  and  electrochemical 
impedance  spectroscopy  ofMn02 

Charge  storage  mechanisms  of  Mn02  are  based  on  two  pro¬ 
cesses,  intercalation/deintercalation  and  surface  process.  The 
energy  conversion  and  storage  capability  of  Mn02  mainly  stems 
from  its  ability  to  give  fast  and  reversible  redox  reactions  between 
Mn(III)  and  Mn(IV)  with  the  intercalation  of  protons  or  alkali  metal 
cations  such  as  Na+,  K+  or  Li+  in  the  bulk  upon  reduction  fol¬ 
lowed  by  deintercalation  upon  oxidation.  Adsorption  of  electrolyte 
cations  on  the  Mn02  surfaces  accounts  for  the  alternative  process 
[24,25,34,35].  The  contribution  from  each  type  of  charge  storage 
mechanism  depends  on  the  crystal  structure,  water  content,  surface 
area,  porosity  and  intercalated  cations  [21,36,37]. 

The  pseudocapacitive  properties  of  Mn02  samples  were  stud¬ 
ied  using  a  conventional  three  electrode  test  measurement  in  1  M 
Na2S04.  Fig.  6a  shows  the  galvanic  charge  and  discharge  cycle  of  the 
Mn02  samples.  The  linear  potential  signal  within  the  0.9  V  poten¬ 
tial  window  from  0  to  0.9  V  vs.  Ag/AgCl  reference  electrode  for  all 
applied  current  indicates  the  pseudocapacitive  nature  of  the  mate¬ 
rials  [38].  Furthermore,  cyclic  voltammograms  of  Mn02  sample  at 
different  scan  rate  during  cyclic  voltammetry  test  are  shown  in 
Fig.  6b.  The  rectangular  shape  of  CV  scan,  especially  at  10mVs-1 
shows  the  pseudocapacitive  properties  of  Mn02  due  to  the  fast  and 
reversible  surface  redox  reactions  of  Mn02  [  1 9].  The  specific  capaci¬ 
tance  (Csp)  of  the  electrode  materials  is  calculated  from  the  galvanic 
charge-discharge  test:  Csp  =  (/  x  A t)/(m  x  AV),  where  i  is  the  cur¬ 
rent  applied,  At  is  the  discharge  time,  m  is  the  active  mass  of  the 
electrode,  and  A  V  is  the  voltage  window  of  the  test,  in  this  case  is 
0.9  V.  The  calculated  Csp  at  applied  current  of  2,  5  and  10  Ag-1  is 
about  357,  269  and  184Fg-1,  respectively. 

Theoretically,  Csp  of  Mn02  is  able  to  reach  more  than  1300  Fg-1 
for  one  electron  transfer  due  to  Mn(III)/Mn(IV)  transition  within 
0.9  V  operating  window  [24].  Due  to  the  shortened  diffusion  dis¬ 
tance  for  solid  state  transport  of  ions,  ultrathin  layer  deposition  of 
Mn02  with  the  thickness  of  tens  of  nm  or  loading  mass  of  up  to 
tens  of  jxg  has  given  rise  to  Csp  of  more  than  2000  Fg-1  [24,25,39]. 
Therefore,  the  comparison  of  the  gravimetric  capacitance  among 
the  Mn02  electrodes  in  the  literatures  will  only  be  fair  for  electrodes 
with  similar  loading  mass  [40].  The  Csp  of  our  sample  at  2Ag-1 
is  better  as  compared  to  those  electrodes  with  similar  loading 
mass  (100-500  pig  cm-2),  giving  Csp  in  the  range  of  1 70-306  Fg-1 
[21,41-46].  Furthermore,  continuous  charge  and  discharge  test  at 
2  A  g-1  of  our  sample  shows  almost  no  degradation  after  2000  cycle 
of  cycling  test,  indicating  the  favorable  long  term  stability  of  our 
sample  (Fig.  6c). 

Electrochemical  impedance  spectroscopy  (EIS)  measurements 
were  also  carried  out  in  order  to  understand  the  relationship 
between  the  SECM  kinetics  data  of  the  Mn02  electrode  and  its 
capacitive  performance.  Fig.  6d  shows  the  Nyquist  plot  of  Mn02 
sample  from  the  EIS  measurement  in  1  M  Na2S04  at  constant 
voltage  mode  of  0.2  V  vs.  Ag/AgCl.  The  inset  Fig.  6d  shows  the  semi¬ 
circular  part  of  the  curve  of  the  high  frequency  range.  In  order  to 
extract  the  value  of  impedance  parameters,  the  Nyquist  plot  is  fit¬ 
ted  to  the  respective  electronic  circuit  model  shown  in  Fig.  6d.  Rs 
represents  the  electrolyte  resistance  which  is  equivalent  to  high 
frequency  intercept  on  the  Z  real  or  X  axis.  The  depressed  semicir¬ 
cle  at  the  high  frequency  region  is  related  to  the  characteristics  of 
the  double  layer  or  surface  capacitance  C&\  as  well  as  charge  trans¬ 
fer  resistance  Rct  which  can  be  extracted  from  the  diameter  of  the 
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semicircle  arc.  Warburg  impedance  W  is  extracted  from  the  low 
frequency  region  which  depicts  the  diffusion  process  of  electrolyte 
ion  into  the  active  materials.  For  ideal  capacitive  behavior,  the  line 
in  the  low  frequency  region  should  be  parallel  to  the  imaginary  Z 
axis  forming  a  90°  slope  [44,46].  The  experimental  slope  is  closer  to 
90°  which  indicates  a  predominately  capacitive  behavior.  At  high 
frequency  region,  the  low  intercept  at  the  Z  real  axis  (2.9  £2)  indi¬ 
cates  the  small  Rs  of  the  Mn02  sample.  Besides  that,  the  calculated 
Ret  from  the  fitting  result  (0.639  £2)  also  represents  the  low  charge 
transfer  resistance  on  the  surface  of  the  Mn02  electrode  in  con¬ 
tact  with  electrolyte.  Therefore,  the  low  charge  transfer  and  ionic 
resistance  of  the  Mn02  electrode  are  consistent  with  the  enhanced 
kinetics  process  found  during  the  SECM  measurement. 

The  exemplary  Csp  of  Mn02  measured  by  the  three  electrode 
test  is  directly  related  to  the  superior  electrochemical  kinetics  of 
Mn02,  quantified  by  the  SECM  effective  heterogeneous  rate  con¬ 
stant.  Poor  kinetics  process  can  lead  to  the  high  resistance  of  the 
electrode  and  results  in  an  inferior  pseudocapacitive  performance 
of  the  supercapacitor  device.  Positive  feedback  observed  during  the 
SECM  measurement  indicates  the  favorable  charge  transfer  process 
at  the  interface  of  the  Mn02  electrode  and  electrolyte,  thus  giving 
rise  to  high  Csp.  Nanostructure  in  porous  configuration  has  been 
shown  to  have  better  performance  due  to  the  presence  of  large 
available  contact  area  which  will  improve  the  ion  migration  path¬ 
way  as  well  as  adsorption/desorption  process  of  electrolyte  ions 
[20].  Csp  of  Mn02  has  found  to  be  affected  by  ionic  conductivity  and 
accessible  surface  area  of  the  electrode  materials  [21,36].  Accessi¬ 
bility  of  the  electrolyte  ions  through  the  bulk  structure  has  been 
reported  to  be  a  more  crucial  factor  in  optimizing  the  Csp  of  pseudo¬ 
capacitive  materials  as  compared  to  the  Brunauer-Emmett-Teller 
(BET)  surface  area  [36].  The  efficient  transport  of  the  electrolyte 
ions  is  related  to  the  high  ionic  conductivity  which  can  be  seen  from 
the  EIS  data.  It  is  also  affected  by  the  morphology  of  the  electrode, 
typically  the  pore  volume  and  structure  of  the  material. 

The  BET  measurement  shows  that  the  resultant  Mn02  has  nar¬ 
row  pore  size  distribution  of  3-4  nm  (Supplementary  Materials 
Fig.  S2),  this  can  be  classified  as  mesoporous  structure.  Due  to 
the  lack  of  structural  regularity  observed  under  TEM  investigation, 
it  can  be  described  as  disordered  mesoporous  within  the  inter¬ 
leaving  and  hierarchical  nanostructures.  The  BET  surface  area  and 
the  total  pore  volume  of  the  Mn02  sample  is  about  336  m2  g-1 
and  0.54  cm3  g-1,  respectively.  The  isotherm  plot  reveals  a  strong 
hysteresis  loop  in  the  relative  pressure  range  of  0.4-1  indicat¬ 
ing  the  characteristic  of  adsorption  and  desorption  process  of  the 
porous  materials  (Supplementary  Materials  Fig.  S3).  To  the  best 
of  our  knowledge,  our  Mn02  has  the  highest  surface  area  and 
pore  volume  as  compared  to  other  crystalline  Mn02  reported  so 
far  [20,21,28,36,47-49].  The  large  pore  volume  indicates  the  open 
structure  of  our  sample  due  to  the  presence  of  block  copolymer 
template  during  the  synthesis.  This  results  in  the  good  accessibil¬ 
ity  of  the  electrolyte  ions  and  low  ionic  resistance  as  found  in  the 
enhanced  kinetics  process  during  the  SECM  measurement  as  well 
as  the  commendable  pseudocapacitive  performance  of  the  Mn02 
electrode.  In  addition  of  the  open  structure  and  crystalline  nature 
of  a  Mn02,  the  presence  of  hydrates  in  our  Mn02  help  to  improve 
the  charge  storage  process  as  it  enhances  the  diffusion  of  H+  and 
Na+  via  hopping  process  within  H20  and  OH-  sites,  providing  the 
sites  for  rapid  charge  transfer  and  cation  diffusion  process  [50]. 


Fig.  6.  (a)  Galvanic  charge  and  discharge  cycle  of  Mn02  at:  (1)  10Ag_1 ;  (2)  5  Ag_1; 
(2)  2Ag_1;  (b)  Cyclic  voltammogram  of  Mn02  measured  at  (1)  50mVs_1;  (2) 
25mVs_1;  (3)  lOrnVs-1;  (c)  Csp  relative  of  Mn02  during  the  extended  charge  and 
discharge  test  for  2000  cycle  at  2Ag_1;  (d)  Nyquist  plots  of  Mn02.  Inset  shows 
the  enlarged  scale  at  high  frequency  region  and  equivalent  circuit  model.  All  the 
measurements  were  performed  in  1  M  Na2S04. 


4.  Conclusions 

High  specific  capacitance  has  been  achieved  due  to  the  pres¬ 
ence  of  effective  charge  transport  process  at  the  interface  of  Mn02 
and  electrolyte  as  well  as  the  presence  of  porous  ultrathin  nano¬ 
structure  and  a  hydrated  compound.  The  high  kinetics  of  the 
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charge  transfer  processes  is  evident  from  the  Nyquist  plots  of  the 
Mn02  electrodes  which  show  low  series  and  charge  transfer  resis¬ 
tances.  This  is  also  evident  from  measurements  using  the  scanning 
electrochemical  microscopy  with  [Fe(CN)6]4_/[Fe(CN)6]3_  as  redox 
mediator  that  has  been  applied  for  the  first  time  to  study  processes 
at  the  supercapacitor  electrode.  Positive  feedback  current  has  been 
observed  during  the  SECM  approach  curve,  indicating  the  efficient 
charge  transfer  process  into  the  Mn02  electrode  which  is  highly 
essential  for  high  performance  supercapacitor  device. 
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